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doi:10.1016/j.jtcvs.2004.02.041Background: Surgical preparation of coronary conduits may affect early and long-
term patency through endothelial and smooth muscle injury. We investigated the
effect of hydrostatic distention on the in vitro endothelial function and contractile
properties of the human radial artery.
Methods: Human radial arteries were harvested and distended to physiologic pres-
sure or suprasystemic pressure (300 mm Hg) by using heparinized whole blood
for 2 minutes. Distal segments were retrieved and prepared into 3-mm rings. These
were mounted and stretched to optimum resting tension in oxygenated Krebs
solution at 37°C. Contraction responses to potassium, norepinephrine, and serotonin
and relaxation responses to acetylcholine and nitroprusside were evaluated. Undis-
tended radial artery segments were used as controls.
Results: Vasocontraction to all 3 contractile agonists was significantly different
between groups. The radial artery subjected to suprasystemic pressure distention
achieved the lowest percentage of maximum contraction (potassium, P  .001;
norepinephrine, P  .05; serotonin, P  .05). The median effective concentration
was also significantly reduced in this group, indicating increased sensitivity to all 3
agonists. Receptor-mediated contractility was significantly reduced in both dis-
tended groups when compared with controls. Relaxation to acetylcholine and
nitroprusside was significantly reduced in the suprasystemic pressure–distended
group, which had a tendency to vasospasm when exposed to a physiologic concen-
tration of acetylcholine (106 mol/L). Median effective concentrations for both
acetylcholine and nitroprusside were not different between groups.
Conclusions: Excessive distention of the radial artery leads to a significant reduction
in vasoreactivity, which may be attributed to a disruption of the vascular endothe-
lium and media, with a propensity for graft spasm with exposure to acetylcholine.
It is generally accepted that endothelial and medial injury resulting fromexcessive distention of coronary conduits is detrimental to the longevity ofthe graft.1-3 Mechanical dilation with metal probes may have contributed tothe poor early patency results in radial artery (RA) grafts.4,5 A change inharvesting techniques by Acar and associates,5 with avoidance of distentionand the use of calcium channel blockers to relieve vasospasm, led to an
improvement in early patency.
The effect of excessive hydrostatic distention on arterial conduits has been
previously investigated with internal thoracic artery (ITA) grafts.2,6 Cooper and
colleagues6 reported a significant reduction in vasoreactivity of the ITA caused by
damage of the media layer after excessive hydrostatic distention. Unlike the ITA,
which is an elastic artery, the RA is a muscular artery with much thicker media.7
Therefore, excessive hydrostatic distention to suprasystemic pressure may have a
more profound effect on the media and its vasoreactivity. This study investigated the
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CSPeffect of hydrostatic distention at physiologic and suprasys-
temic pressures on RA vasoreactivity.
Materials and Methods
Protocol
Human RA segments were obtained from patients undergoing
coronary artery bypass grafting surgery with the RA as a conduit.
These were carefully harvested, and side branches were ligated
with Ligaclips (Ethicon Endo-Surgery, Inc, Cincinnati, Ohio), as
previously described by Reyes and colleagues.8 Once disconnected
from the forearm, the RA was clamped at the distal end with a
DeBakey atraumatic bulldog clamp. The proximal end was can-
nulated and injected with heparinized whole blood to check for
leaks. The distention pressure was maintained at 206  6 mm Hg
for 2 minutes in the physiologic pressure distention group. At this
pressure, there was no visible permanent change to the caliber of
the RA. For the suprasystemic pressure distention group, the RA
was distended at 336  10 mm Hg (which is well above systemic
pressure), and this resulted in a visible permanent change in the
RA diameter. The distention pressure was monitored with a ma-
nometer line connected to a Hewlett-Packard (Palo Alto, Calif)
Viridia Critical Care system. Undistended RA segments were used
as controls for comparison.
The distal 1.5- to 2-cm segments of the artery were then
collected for the in vitro vasoreactivity studies. The use of dis-
carded distal segments of RA was approved by the Royal Bromp-
ton Hospital Ethics Committee, and written consent was obtained
from all patients.
Preparation of RA Segments
RA segments were immediately transferred to the laboratory in
cold (4°C) oxygenated Krebs solution (composition [mmol/L]:
Na 144, K 5.9, Ca2 2.5, Mg2 1.2, Cl 128.7, HCO3 25,
SO42 1.2, H2PO4 1.2, and glucose 11). The RA segments were
dissected free of surrounding satellite veins and connective tissue
and cut into 3-mm rings.
Organ Bath Procedure
RA rings were mounted on specially designed wire hooks and
attached to a strain gauge in 10-mL jacketed organ baths contain-
ing oxygenated Krebs solution at 37°C. The rings were normalized
to resting tension by using the length-tension curves described
previously.9 After this normalization procedure, the RA rings were
equilibrated for 1 hour. Each ring was precontracted with 100
mmol of potassium before the vasoreactivity study. The organ bath
Krebs solution was changed every 20 minutes. Between contrac-
tion or relaxation studies, the rings were rinsed regularly at 20-
minute intervals and allowed to equilibrate to baseline resting
tension. Each RA ring was subjected to cumulative doses of
contractile or relaxation agents in random order.
Contraction
Cumulative contraction curves to potassium (10-80 mmol/L), nor-
epinephrine (108–104.5 mol/L), and serotonin (108–104.5
mol/L) were performed to assess voltage-mediated and receptor-
mediated contraction. Median effective concentrations (EC50; con-
centration at 50% maximum contraction) were calculated.
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RA rings were precontracted with the potassium EC50. When the
contraction reached a plateau or after 7 minutes, cumulative re-
laxation curves to each vasodilator agent were constructed. Endo-
thelium-dependent relaxation to acetylcholine (108–104.5
mol/L) and endothelium-independent relaxation to sodium nitro-
prusside (1010–106.5 mol/L) were assessed. Preliminary studies
using a single dose of acetylcholine 106.0 mol/L were also
conducted before cumulative studies. All drugs were obtained
from Sigma-Aldrich Co Ltd (Poole, Dorset, United Kingdom).
Data Analysis
Results are expressed as mean  SEM of the maximal contraction
and relaxation achieved at each concentration and were plotted on
cumulative curves. EC50 values were calculated to assess sensitiv-
ity. Results were analyzed with 1-way analysis of variance (Mi-
crosoft Excel; Microsoft, Redmond, Wash). Post hoc analysis was
performed by Student-Newman-Keuls tests for multiple compari-
sons.
Results
Voltage-Dependent Contraction to Potassium
The maximum contraction achieved by rings distended to
suprasystemic pressure (n  6) was significantly (P  .05)
and consistently reduced when compared with both controls
(n  7) and physiologic pressure–distended rings (n  12)
for concentrations greater than 20 mmol of potassium, as
shown in Figure 1, A. There was no difference in maximal
contraction achieved between control rings and physiologic
pressure–distended rings.
Receptor-Mediated Contraction
There was a significant difference in the maximum contrac-
tion achieved to norepinephrine (107 mol/L) among
groups (control, n  6; physiologic, n  7; suprasystemic,
n  5; P  .001; Figure 1, B and C). RA rings distended to
physiologic pressures achieved 40% (P  .05) less in mag-
nitude, whereas those distended to suprasystemic pressure
showed an 80% (P  .05) reduction in the magnitude of
contraction compared with control rings, as shown in Figure
1, B. There were no differences in maximum contraction
between physiologic and suprasystemic pressure–distended
RA rings for concentrations less than 105.5 mol/L.
Similarly, there was a significant difference among
groups in the maximum contraction to serotonin (control, n
 3; physiologic, n  7; suprasystemic, n  5; P  .001).
At serotonin concentrations greater than 107 mol/L, both
distended groups achieved a significantly lower maximum
contraction (P  .01), as shown in Figure 1, C.
The EC50 values for all 3 contractile agonists for RA
rings subjected to suprasystemic pressure distention were
significantly reduced, indicating an increased sensitivity
when compared with control and physiologic groups (Table
1).
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PEndothelium-Dependent Relaxation
A significant difference in endothelium-dependent relax-
ation was achieved at all concentrations of acetylcholine
within groups (control, n  3; physiologic, n  6; supra-
systemic, n  4; Figure 2, A). RA rings subjected to
suprasystemic pressure distention achieved a significantly
reduced maximal percentage of relaxation at all concentra-
tions of acetylcholine compared with controls (P .01) and
at concentrations greater than 106 mol/L when compared
with the physiologic pressure–distended group (P  .05).
More important, at such physiologic concentrations, acetyl-
choline caused cyclical contraction or vasospasm of signif-
icant magnitude in suprasystemic pressure–distended RA
rings, and this was not seen in physiologic pressure–dis-
tended or control RA rings (Figure 3). At physiologic con-
centrations of acetylcholine (106 mol/L), the maximum
percentage of relaxation achieved by physiologic pressure–
distended RA rings was not significantly different from that
of control rings.
Endothelium-Independent Relaxation
The maximum endothelium-independent relaxation
achieved with nitroprusside ranged from 48% to 94% (con-
trol, n  3; physiologic, n  6; suprasystemic, n  3;
Figure 2, B) and was significantly different between groups
for concentrations greater than 108 mol/L. The suprasys-
temic pressure–distended RA groups achieved a signifi-
cantly lower percentage of relaxation among groups (P 
.05). There was no difference in relaxation between dis-
tended groups. The EC50 values for acetylcholine and ni-
troprusside were not significantly different between groups
(Table 1).
Discussion
RA is a class 3 muscular artery and is extremely prone to
vasospasm during harvesting.7 This vasospasm results in a
change in mechanical properties, leading to increased stiff-
ness and reduced distensibility.10 Various pharmacologic
agents have been used to overcome this, such as calcium
channel blockers,5,11,12 nitrates,13 papaverine,11,14-18 and,
more recently, phenoxybenzamine.19 Improvements in sur-
gical harvesting techniques and the use of gentle hydrostatic
distention have also helped to relieve RA vasospasm.20 Our
results indicate that progressive increases in hydrostatic
distention pressures have a cumulative effect on the vaso-
reactivity of the RA conduit.
By increasing the distention pressure, the RA resisted
distention until a pressure was reached whereby the arterial
wall yielded and an irreversible increase in vessel diameter
was seen. This was the yield pressure, which averaged
approximately 336  10 mm Hg for the RA. This pressure
was much higher than that reported for the ITA (280 mm
The Journal of ThoraciFigure 1. A, Cumulative contraction curves to KCl of RA rings
distended hydrostatically to physiologic pressure (), to supra-
systemic pressure (Œ), and control (no distention; ). There was
a significant difference between groups in the absolute maximum
contraction achieved for concentrations greater than 20 mmol of
KCl (**P < .001). RA rings distended at suprasystemic pressure
achieved significantly lower absolute maximum contraction com-
pared with controls and physiologically distended rings (P < .05).
B, Cumulative contraction curves to NA of RA rings distended
hydrostatically to physiologic pressure (), to suprasystemic
pressure (Œ), and control (no distention; ). There was a signif-
icant difference between groups in the absolute maximum con-
traction to NA (**P < .001): both distended groups achieved
significantly lower absolute maximum contractions compared
with controls (P < .05). NA, Norepinephrine. C, Cumulative con-
traction curves to serotonin of RA rings distended hydrostatically
to physiologic pressure (), to suprasystemic pressure (Œ), and
control (no distention; ). There was a significant difference
between groups in the absolute maximum contraction to seroto-
nin (*P < .05; **P < .001): both distended groups achieved
significantly lower absolute maximum contraction compared
with control rings at serotonin concentrations greater than 107
mol/L (P < .01). 5HT, Serotonin.c and Cardiovascular Surgery ● Volume 128, Number 4 611
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medium than the ITA.2
RA rings subjected to suprasystemic pressure distention
TABLE 1. EC50 of RA rings distended at physiologic and s
RA rings KCl NE
Control 16.0 0.9 6.3
Physiologic distention 17.4 1.6 5.1
Suprasystemic distention 10.9 1.3 7.4
P value .05 .001
EC50, Median effective concentration; RA, radial artery; NE, norepineph
differences in EC50 values of the 3 contractile agents, KCl, NE, and seroto
distended to suprasystemic pressure as compared with controls and phys
agonists. There was no significant difference, however, in EC50 values to
Figure 2. A, Cumulative relaxation curves to acetylcholine (ACh)
of RA rings distended hydrostatically to physiologic pressure (),
to suprasystemic pressure (Œ), and not distended (controls; ).
There was a significant difference between groups (*P < .05). RA
rings with suprasystemic pressure distention achieved the low-
est percentage of relaxation (>50% loss of relaxation compared
with controls [**P < .01]) for physiologic concentrations of ACh
106 to 104.5 mol/L on posthoc analysis. B, Cumulative relaxation
curves to sodium nitroprusside (SNP) of RA rings distended
hydrostatically to physiologic pressure (), to suprasystemic
pressure (Œ), and not distended (controls; ). There was a
significant difference between groups in maximum relaxation
achieved at concentrations of SNP greater than 108 mol/L (*P <
.05). RA rings with suprasystemic pressure distention achieved a
significantly lower percentage of relaxation (P < .05).have reduced contraction (70%-80% loss of contraction) to
612 The Journal of Thoracic and Cardiovascular Surgery ● Octoall 3 contractile agonists. This loss of contractility most
likely occurs at a more fundamental structural level than just
the disruption of either voltage- or receptor-mediated chan-
nels, as was seen in excessively distended long saphenous
vein (LSV) and ITA grafts.2,6 Electron microscopy on LSV
subjected to suprasystemic pressure confirmed massive dis-
ruption of the intima and media, consisting of endothelium




6.7 0.2 8.1 0.01 6.8 0.4
6.1 0.2 7.3 0.3 5.7 0.3
7.4 0.3 7.8 0.1 6.9 0.8
.05 .2 .15
Ach, acetylcholine; SNP, sodium nitroprusside. There were significant
ithin the groups. The significant difference was only present in RA rings
ically distended group, indicating increased sensitivity to all 3 contractile
and SNP.
Figure 3. Vasorelaxation responses of RA rings to acetylcholine
(ACh). The response to ACh 106 mol/L is shown in (A) RA
distended to suprasystemic pressure (359 mm Hg), showing a loss
of endothelium-dependent relaxation, which was replaced by the
cyclical vasoconstriction typical of vasospasm, indicating endo-
thelium damage, and (B) RA exposed to systemic pressure dis-
tention (<200 mm Hg), showing positive endothelium-dependent
relaxation. Note the absence of cyclical vasospasm in the latter,






iologever, the degree of injury was mainly confined to the media,
ber 2004
Chong et al Cardiopulmonary Support and Physiology
CS
Pwith some minor endothelial separation in ITA subjected to
suprasystemic pressure distention.2,6 It is likely that similar
injury with disruption of the contractile elements in the
order of 70% to 80% was sustained by RA distended to
suprasystemic pressures, as evidenced by a loss of 70% to
80% in the magnitude of contraction.
Endothelium-dependent and endothelium-independent
relaxation were also reduced in this group, and this indicates
endothelium and smooth muscle media disruption. Cooper
and Locke2 and Cooper and associates6 reported a similar
reduction of endothelium-dependent relaxation in ITA dis-
tended above yield pressure, and this was due to disruption
of endothelium continuity. This disruption of the endothe-
lium resulted in a reduction of its capacity to produce nitric
oxide from L-arginine under basal conditions or in response
to stimuli.21 The diffusion of acetylcholine through tears in
the endothelium may have caused the cyclical vasospasm
seen in this group, possibly through the action of acetylcho-
line on the smooth muscle media, as shown in Figure 3, A.
Such cyclical vasospasm is alarming and may contribute to
early graft occlusion.
Furthermore, tears in the endothelium may predispose
the underlying torn smooth muscle media to systemic va-
soactive factors such as epinephrine, norepinephrine, throm-
boxane A2, or serotonin, hence increasing their propensity
to vasospasm. This was reflected by the increase in sensi-
tivity (reduced EC50) of suprasystemic pressure–distended
RA rings to all 3 agonists. Exposure of the underlying
thrombogenic subintimal layer to growth factors may stim-
ulate medial smooth muscle cell migration and intimal
proliferation, ultimately leading to atherosclerosis forma-
tion, as was seen in LSV grafts.1,3
Physiologic distention with pressure less than yield pres-
sure (mean, 206  6 mm Hg) did not seem to significantly
affect the overall contractility to potassium. However, re-
ceptor-mediated contractility to both norepinephrine and
serotonin was significantly reduced compared with control
rings. We concluded that as the distention pressure in-
creased, the receptor-mediated contraction was first dis-
rupted, possibly through endothelial disruption. Serotonin
receptors were affected the most because at higher concen-
trations of norepinephrine, the contraction achieved in phys-
iologic pressure–distended rings was significantly higher
than that in suprasystemic pressure–distended rings. Ulti-
mately, when yield pressure was reached, the smooth mus-
cle fibers were torn apart, and this further reduced their
contractility. The disruption of receptor-mediated contrac-
tion in the physiologic pressure–distended group of RA
may be advantageous in reducing the severity of vasospasm
in the graft early after surgery caused by circulating norepi-
nephrine or serotonin.
With physiologic distention, the degree of endothelial
disruption was less, as indicated by a loss of endothelium-
The Journal of Thoracidependent relaxation of only 30%, than with control. Unlike
with suprasystemic pressure distention, cyclical vasospasm
on exposure to acetylcholine concentrations more than 106
mol/L was not observed in this group of RA; this suggests
that endothelial disruption is less with physiologic pressure
distention. Manasse and colleagues20 also reported no ad-
verse effects of gentle hydrostatic distention (80 mm Hg) in
RA grafts, with a slightly better early patency rate compared
with undistended RA grafts.
Because the main injury associated with distention in
arterial grafts was reported to be in the media, endothelium-
independent relaxation to nitroprusside was significantly
reduced in both distended groups. This varied with the
degree of distention.2,6
In conclusion, hydrostatic distention of coronary con-
duits has a cumulative effect on vasoreactivity, depending
on the degree of pressure applied. Physiologic pressure
distention seems to have a selective effect on receptor-
mediated contraction while preserving contraction to potas-
sium chloride. This may reflect mild endothelial injury from
hydrostatic distention, because endothelium-dependent re-
laxation was preserved at physiologic concentrations of
acetylcholine. This may be beneficial in the first 48 hours
after bypass surgery by reducing vasospasm in RA grafts
caused by circulating norepinephrine and serotonin. Supra-
systemic pressure distention, however, greatly reduces va-
soreactivity and endothelial relaxation, which might be due
to severe endothelial and smooth muscle medial disruption.
Because of the damaging effects on vascular relaxation,
distention of RA grafts to suprasystemic pressure should be
avoided.
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